Introduction {#sec1}
============

A wide range of hybrid materials are being generated by the chemical modification of metal oxide surfaces.^[@ref1]−[@ref5]^ The chemical properties of such metal oxides can be tuned depending upon the nature of the molecule anchored onto the surface. The covalent modification also leads to changes in the composition of the material besides altering its chemical nature. Among a variety of organic--inorganic hybrids reported in the literature, supramolecular--inorganic hybrids are interesting to study. Among several compounds, silica (SiO~2~) is an important inorganic component of the hybrid material that has been used more frequently because of its non-toxic nature and easy adaptation into porous nanoforms, besides its high thermal and mechanical stability.^[@ref6]−[@ref10]^ Among various macrocyclic compounds, calix\[4\]arene with a cone conformation provides an interesting supramolecular platform because of its ease of organic derivatization both at its lower and upper rims in order to decorate it by using a variety of different functional moieties. Calixarenes have been well explored in the literature for their host--guest interactions, sensing, and catalysis.^[@ref11]−[@ref19]^ Calixarenes have also been coated onto different solid surfaces and were explored for ion selectivity.^[@ref20]−[@ref30]^ Reports are scant in the literature where calixarenes are covalently attached on to the solid support like silica nanoparticles^[@ref30]−[@ref35]^and are further scarce in that these exhibit enhanced sensitivity and greater selectivity.

Therefore, a calix\[4\]arene has been modified both at its lower as well at its upper rims so as to generate a binding core on one side and a connector to the surface on the other. Thus, this paper deals with the development of a coumarin-appended tetra-allyl calix\[4\]arene derivative (***CouC4A***) that is suitable to sense Fe^3+^ ions, and the resultant complex to act as a secondary sensor for phosphates, in particular to adenosine 5′-triphosphate (ATP). The dire need for easy and sensitive detection of Fe ^3+^ in aqueous and biologically relevant fluids including in cells is well justified owing to its involvement in biological processes as an essential ion and whose deficiency and excess presence in tissue causes hazard to health.^[@ref36]−[@ref38]^ When ***CouC4A*** is covalently attached to silica, the resultant nanoparticles, ***CouC4A\@SiO***~***2***~, exhibit ultrahigh sensitivity toward Fe^3+^ and further show reversibility with the use of ATP. Sensing was demonstrated not only in the aqueous medium but also in the medium of serum for extending its application to biological cells. The hybrid material, ***CouC4A\@SiO***~***2***~ NPs, is biocompatible and was demonstrated for its reversible sensing even in MDA-MB231 and 3T3 cells.

Results and Discussion {#sec2}
======================

A coumarin-appended tetra-allyl calix\[4\]arene derivative, ***CouC4A***, has been synthesized by going through several steps of reactions starting from C4A as per that given in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. The precursors, P~1~ to P~7~, and ***CouC4A*** are thoroughly characterized by analytical and spectral methods, and the corresponding spectral data are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf) (SI01, Figure S01). ***CouC4A*** exhibits a cone conformation as confirmed by the presence of the characteristic doublets observed at 3.33 and 4.27 ppm in its ^1^H NMR spectrum for the bridge −CH~2~ group ([SI01](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)).

![Synthesis of ***CouC4A***\
Reagents and conditions for each step are as follows: (i) anhydrous AlCl~3~, phenol, and toluene, rt, 8 h; (ii) NaH/THF and CH~2~=CHCH~2~Br, N~2~ atmosphere, reflux, 24 h; (iii) *N*,*N*-dimethyl-aniline, N~2~ atmosphere, 210 °C, 6 h; (iv) 3-bromopropyl pthalimide, K~2~CO~3~, and acetonitrile, 48 h at reflux; (v) hydrazine hydrate and C~2~H~5~OH, 12 h at reflux; (vi) diethyl malonate, piperidine and ethanol, 6 h, reflux followed by NaOH, ethanol, and reflux, 15 min; (vii) EDC.HCl, *N*-hydroxysuccinamide, and dry DMF, 24 h stirring at rt in the dark; (viii) **P**~**7**~, DIPEA, and dry DMF, 24 h, stir in dark.](ao0c03373_0010){#sch1}

Fe^3+^ Sensing by ***CouC4A*** {#sec2.1}
------------------------------

The receptor ***CouC4A*** has been studied for its ion sensing by employing 16 different ions, including the transition ones, such as, Na^+^, K^+^, Mg^2+^, Ca^2+^, Al^3+^, Mn^2+^, Fe^2+^, Fe^3+^, Co^2+^, Ni^2+^, Cu^2+^, Zn^2+^, Cd^2+^, Hg^2+^, Pb^2+^, and Cr^3+^. Among all these ions, only Fe^3+^ showed considerable changes that includes the exhibition of an isosbestic point, supporting its complexation (SI02, [Figure S02a,b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)). The Job plot supported the formation of the 1:1 complex between ***CouC4A*** and Fe^3+^ which was further confirmed by comparing the experimentally measured electrospray ionization mass spectrometry (ESI MS) data as per the data given in [Figure S03b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf). The specific interaction of ***CouC4A*** by Fe^3+^ has been further delineated by carrying out fluorescence spectral titrations ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b) wherein only Fe^3+^ showed maximum quenching with a quenching constant, *KS*~v~ of (5.46 ± 0.4) ×10^3^ M^--1^, and the limit of detection (LOD) for Fe^3+^ by ***CouC4A*** is 52.1 ± 1.4 nM in tetrahydrofuran (THF) ([Figures S03c and S07b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)). All other ions showed no significant changes ([Figure S02c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)). The competitive metal ion titration data suggest that none of the other metal ions studied displaces Fe^3+^ from its complex as no significant change was observed in the corresponding spectra ([Figure S03d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)).

![(a) UV--vis absorption spectra for the titration of ***CouC4A*** with Fe^3+^. The inset shows the plot of absorbance as a function of \[Fe^3+^\]/\[***CouC4A***\] mole ratio. (b) Fluorescence emission spectra for the same titration as that given in (a). The inset shows the plot of fluorescence intensity *vs* \[Fe\]^3+^/\[***CouC4A***\] mole ratio.](ao0c03373_0002){#fig1}

In the ^1^H NMR titration carried out in CD~3~CN, the concentration of ***CouC4A*** was kept constant, and Fe^3+^ solution was gradually added to it in order to increase the metal ion to ligand mole ratio. This resulted in greater shifts in the amide and the aromatic protons of coumarin. Both the −CONH peak and that from a coumarin proton observed at 9.60 and 8.90 ppm, respectively, were downfield shifted by ∼0.1 ppm while the peaks were broadened, supporting the binding of Fe^3+^ in this region. The NMR peaks arising from allyl, bridged, aromatic, and other −CH~2~ groups observed in 5.0--8.5 ppm were also broadened because of the binding of paramagnetic Fe^3+^. The ^1^H NMR studies clearly support the binding of Fe^3+^ by the coumarin region, and the same is shown in the inset of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Thus, the nanomolar sensing of Fe^3+^ by ***CouC4A*** is augmented by its binding in the coumarin region.

![^1^H NMR spectra obtained by titrating ***CouC4A*** with different equivalents of Fe^3+^ in CD~3~CN: (i) 0, (ii) 1, (iii) 2, (iv) 3, (v) 4, and (vi) 5.](ao0c03373_0003){#fig2}

Inorganic--Organic Hybrid Material, ***SiO***~***2***~***\@CouC4A*** {#sec2.2}
--------------------------------------------------------------------

As free ***CouC4A*** is expected to rapidly tumble in solution, anchoring this onto a solid surface is expected to enhance its sensitivity. Sensing may be further augmented if the anchoring is onto nanoform silica owing to its greater porosity that would bring better contact with the analyte. Therefore, in order to enhance the sensitivity of the probe ***CouC4A*** toward Fe^3+^, the probe has been covalently attached to the thiol-functionalized silica nanoparticles (SiO~2~ NPs) using thia-ene reaction, resulting in the formation of the inorganic--organic hybrid material, such as, ***CouC4A\@SiO***~***2***~, as per the details of the design given in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} and that given in the [Experimental Section](#sec4){ref-type="other"}. Easy separation is an advantage of such anchored materials, and this endows them with extended application potential, and thereby, ***CouC4A\@SiO***~***2***~ acts as a smart material. This hybrid material was characterized by Fourier transform infrared (FT-IR), thermogravimetric analysis (TGA), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), ^13^C and ^29^Si magic angle spinning nuclear magnetic resonance (MAS NMR), and contact angle measurements.

![Design Strategy for the Synthesis of the Inorganic--Organic Hybrid Nanomaterial, ***CouC4A\@SiO***~***2***~: (i) 3-Mercaptopropyl Trimethoxy Silane, Methanol, Reflux, 24 h; (ii) AIBN, ***CouC4A***, CH~3~CN, Reflux, 72 h](ao0c03373_0011){#sch2}

The UV--vis absorption and emission spectra of both ***CouC4A*** and ***CouC4A\@SiO***~***2***~ exhibited maximum absorption at 410 nm and emission at 450 nm, corresponding to the coumarin moiety, supporting the presence of the calixarene derivative on the SiO~2~ NPs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). The comparison of the FT-IR spectra of the precursors with that of the hybrid material, such as, ***CouC4A\@SiO***~***2***~, supported the presence of silica and its anchored calix moiety by exhibiting the corresponding vibrations. Diminishing of ν~S-H~ that would otherwise arise from SiO~2~--SH is an indication for its reactivity with the ene-moiety of ***CouC4A***. All these confirms to the covalent modification of ***CouC4A*** onto SiO~2~ NPs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). In TGA ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d), the SiO~2~ NPs showed only a weight loss of 10% up to 100 °C because of the removal of adsorbed water. In case of ***CouC4A***, there is ∼70% weight loss in 200--600 °C range because of burning the organic moiety present in it. The hybrid material, ***CouC4A\@SiO***~***2***~, showed 3% weight loss due to adsorbed water and ∼7% weight loss upto a temperature of 800 °C due to the organic matrix. Thus, TGA supports the loading of about 10% of ***CouC4A*** in the hybrid material.

![Characterization data for ***SiO***~***2***~***\@CouC4A*** in comparison with the precursor data: (a) UV--vis spectra; (b) fluorescence emission spectra; (c) FT-IR spectra; (d) TGA curves; (e) C 1s XPS; (f) N 1s XPS; and (g) ^13^C MAS NMR spectra.](ao0c03373_0004){#fig3}

Comparison of the C 1s XPS spectrum of SiO~2~--SH with that of the hybrid material, ***CouC4A\@SiO***~***2***~, clearly reveals peaks at 291.69 (−O--**C**=O), 289.72 (−**C**ONH), and 288.30 (**C**--O and **C**--N) in the latter ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e and [S04a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)). The hybrid material showed two peaks for N 1s, one at 403.19 eV (***N***--C=O) and the other at 400.81 eV (C--**N**), while no such N 1s peak was observed in case of the precursor, SiO~2~SH. The XPS data also supports the presence of ***CouC4A*** in the hybrid ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f and [S04b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)). The ^13^C MAS-NMR spectra of ***CouC4A\@SiO***~***2***~ exhibited peaks from both of its partners, that is, 120--180 ppm (corresponding to the aromatic carbons of ***CouC4A***) and 10--50 ppm (corresponding to the methyl group from the mercaptopropyl moiety (SiO~2~SH) in addition to the bridged methylene carbons of ***CouC4A***). Disappearance of the peaks otherwise expected for the allyl carbons in the region of 90--110 ppm (inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}g) further supports that the thiol component has undergone the reaction. Thus, the ^13^C MAS NMR data also support the covalent modification of SiO~2~ NPs with calixarene *via* thia-ene click reaction ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}g). Simple SiO~2~SH NPs and ***CouC4A*** showed contact angles of 10.6 and 87.7°, respectively. However, when ***CouC4A*** was anchored on to the SiO~2~NPs, the resulting hybrid material, ***CouC4A\@SiO***~***2***~, showed a large increase in the contact angle, that is, 135.8°, suggesting that the hydrophobicity is introduced onto the SiO~2~NPs as a result of anchoring of ***CouC4A*** on to the surface ([Figure S04c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)).

The TEM and SEM micrographs of simple SiO~2~NPs showed spherical particles of 100--125 nm size ([Figure S05a,b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)). The thiolation of these NPs did not change the size (∼150 nm) or shape of the resultant nanostructures, wherein the presence of sulfur has been proven by energy-dispersive X-ray (EDX) analysis ([Figure S05c--e](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)). Both the SEM and TEM micrographs in the case of ***CouC4A\@SiO***~***2***~ show a layer of low contrast region onto the SiO~2~--SH NPs ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b), as can be clearly seen from high-resolution TEM (HR-TEM) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), suggesting the modification of the surface of the NPs. The presence of the calixarene moiety has been further supported by EDAX analysis ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d) carried out in TEM. The ^29^Si MAS NMR data also support the modification of the SiO~2~ NPs by ***CouC4A*** ([Figure S05h](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)). Stability studies have also been carried out using ***CouC4A*** and ***CouC4A\@SiO***~***2***~, and the corresponding data are given in [Figure S05f,g](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf).

![Micrographs for ***CouC4A\@SiO***~***2***~: (a) SEM (scale bar: 100 nm); (b) TEM (scale bar: 50 nm); and (c) HR-TEM (scale bar: 10 nm). (d) EDX analysis confirming the presence of organic modification of the silica nanoparticles.](ao0c03373_0005){#fig4}

Picomolar Sensitivity for Fe^3+^ by the Hybrid Material, ***CouC4A\@SiO***~***2***~ {#sec2.3}
-----------------------------------------------------------------------------------

The metal-ion titrations have also been carried out with ***CouC4A\@SiO***~***2***~ in THF to check whether the sensitivity and the selectivity are affected on transferring the probe from the solution phase to that anchored onto the nanoparticle surface. Among the twelve metal ions studied, even ***CouC4A\@SiO***~***2***~ is selective only for Fe^3+^ (SI06, [Figure S06a,b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)). Upon gradual addition of Fe^3+^ to ***CouC4A\@SiO***~***2***~, the absorption peak observed at 424 is red-shifted by 12 nm while a new shoulder appears at 455 nm. These spectral changes are similar to those observed when free ***CouC4A*** was titrated with Fe^3+^, supporting that Fe^3+^ binds to the calix moiety that is anchored onto ***CouC4A\@SiO***~***2***~. Fluorescence spectral titration of ***CouC4A\@SiO***~***2***~ carried out with Fe^3+^ quenches the fluorescence intensity even at picomolar levels. The detailed absorption and fluorescence titrations are shown in [Figure S06c,d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf). As a control experiment, the absorption spectral titration studies of SiO~2~ NPs with Fe^3+^ resulted in no significant change in the absorption spectra, suggesting that ***CouC4A*** anchored on to the SiO~2~ NPs is mainly responsible for the selective and sensitive detection of Fe^3+^ by ***CouC4A\@SiO***~***2***~ ([Figure S07a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)). The data corresponding to the absorption and fluorescence titration of ***CouC4A*** and ***CouC4A\@SiO***~***2***~ upon addition of Fe^3+^ are shown comparatively in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b. The LOD of Fe^3+^ by ***CouC4A\@SiO***~***2***~ is (1.75 ± 0.4) pM (SI07, [Figure S07c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)) and is about 5000-fold more sensitive than the calixarene-based probe known in the literature ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).^[@ref39]−[@ref52]^ Hence, this is one of the most promising material for sensitive and selective sensing of Fe^3+^.

![Red and blue lines and bars are corresponding to ***CouC4A*** and ***CouC4A\@SiO***~***2***~, respectively. (a) Plots of absorbance *vs* \[Fe^3+^\]/\[x\] for 410 and 455 nm bands. (b) Plots of fluorescence intensity as a function of \[Fe^3+^\]/\[x\]. In (a,b), \[Fe^3+^\] is in μM and nM, respectively, for the upper and lower panels. Accordingly, \[x\] is the concentration of ***CouC4A*** and ***CouC4A\@SiO***~***2***~, respectively, for red and blue curves. (c,d) are the plots of normalized fluorescence intensity with varying \[Fe^3+^\] from 10^--12^ to 10^--5^.](ao0c03373_0006){#fig5}

###### Comparison of the Present Work with the calix\[4\]arene-Based Sensors Reported in the Literature for Fe^3+^[a](#t1fn1){ref-type="table-fn"}

                                                       sensing in solution, on nano-surface                                    fluorescence & reversibility (sol.)        sensing, reversibility in cells               
  ---------------------------------------------------- -------------------------------------- --- ---------------------------- ------------------------------------- ---- --------------------------------- --- --- --- --------------
  calix\[4\]arene thiol functionalized Ag nanoparobe   ×                                      √   water                        9.4                                   UV   ×                                 √   ×   ×   ([@ref39])
  rhodamine based thiacalix\[4\]arene                  √                                      ×   ethanol--water               35                                    ↑    ×                                 ×   ×   ×   ([@ref40])
  Tb-calixarene                                        √                                      ×   water                        190,000                               ↓    ×                                 ×   ×   ×   ([@ref41])
  thiacrown ether-appended calix\[4\]arene             √                                      ×   ACN--CHCl~3~ (1:1)           ×                                     ↓    ×                                 ×   ×   ×   ([@ref42])
  anthryl-1,2,4-oxadiazole calix\[4\]arene             √                                      ×   CH~3~CN                      26                                    ↓    ×                                 ×   ×   ×   ([@ref43])
  pyrene-appended thiacalixarene                       √                                      ×   aq. ethanol                  500                                   ↓    ×                                 √   √   ×   ([@ref44])
  bis-calix\[4\]arene                                  √                                      ×   DMSO                         300                                   ↑    ×                                 ×   ×   ×   ([@ref45])
  1,3 bis calix\[4\]arene                              √                                      ×   CH~3~CN                      334                                   ↑    ×                                 ×   √   ×   ([@ref46])
  pyridyl-appended calix\[4\]arene                     √                                      √   CH~3~OH                      125,000                               ↓    ×                                 ×   ×   ×   ([@ref47])
  benzoazole calix\[4\]arene                           √                                      ×   CH~2~Cl~2~--CH~3~OH          ×                                     ↑    ×                                 ×   ×   ×   ([@ref48])
  benzimidazole modified calix\[4\]arene               √                                      ×   water                        27                                    ↓    √                                 √   ×   ×   ([@ref49])
  nitrobenzooxadiazole applended calix\[4\]arene       √                                      ×   CH~2~Cl~2~--CH~3~OH (1:59)   4800                                  ↑    √                                 ×   ×   ×   ([@ref50])
  pyrenyl calix\[4\]arene                              √                                      ×   CH~3~CN                      0.00088                               ↓    ×                                 √   ×   ×   ([@ref51])
  calix\[4\]arene probe for SERS                       √                                      √   CH~3~CN                      1350                                  UV   √                                 ×   √   ×   ([@ref52])
  calixarene appended SiO~2~ NPs                       √                                      √   THF, water                   0.00175, 11.2                         ↓    √                                 √   √   √   present work

{Sol. = solution; Sur. = surface; Flu. = fluorescence; Sen. = sensitivity; Rev. = reversible}.

Comparison of the LOD of Fe^3+^ by ***CouC4A*** with that of the hybrid material, such as, ***CouC4A\@SiO***~***2***~, revealed a dramatic increase in the sensitivity of Fe^3+^ in the latter. While simple ***CouC4A*** showed linear response in the range 10^--7^ to 10^--5^ M placing the LOD at 10^--7^ M, the anchored hybrid material showed linearity in 10^--12^ to 10^--9^ M and thus extends the LOD for Fe^3+^ to picomolar levels, as can be noticed from [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d. Thus, the sensitivity for Fe^3+^ increases by \>30,000 fold on going from the free receptor to that bound to the SiO~2~ surface, and this may be attributed to the high surface area and greater porosity of the corresponding nanospheres as supported by the BET measurements, wherein the total surface area for ***CouC4A\@SiO***~***2***~ is 114.32 m^2^/g. Comparison of our system with that published in the literature regarding the derivatives of calix\[4\]arene for sensing iron ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) reveals that the present system is a highly sensitive, selective, and reversible one for Fe^3+^ at nanomolar to picomolar ranges. However, a pillar\[5\]arene system has been recently reported to have a subpicomolar detection limit for Fe^3+^.^[@ref53]^

Reversibility of the Sensors by Phosphates {#sec2.4}
------------------------------------------

The secondary interaction of the *in situ* generated complexes, ***Fe***^***3+***^***\@CouC4A*** and ***Fe***^***3+***^***\@CouC4A\@SiO***~***2***~, has been explored to check the reversibility by 18 different anions, such as*.*, F^--^, Br^--^, Cl^--^, I^--^, N~3~^--^, SCN^--^, HCO~3~^--^, H~2~PO~4~^--^, CO~3~^2--^, NO~2~^--^, NO~3~^--^, SO~4~^2--^, ATP, ADP, AMP, P~2~O~7~^4--^, ClO~4~^--^, and HSO~4~^--^, upon measuring their fluorescence emission spectra. Among all the anions studied, the fluorescence intensities of ***Fe***^***3+***^***\@CouC4A*** and ***Fe***^***3+***^***\@CouC4A\@SiO***~***2***~ were regained to a large extent only with different phosphate-based anions and not with other anions as understood from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a. The reversal of the fluorescence intensity by the phosphates follows an order, ATP \> ADP \> AMP ≫ P~2~O~7~^4--^ ∼ H~2~PO~4~^--^, in case of both the materials. The absorption and the fluorescence titrations of ***Fe***^***3+***^***\@CouC4A*** have been carried out with ATP*.* The complete reversal of the absorption band and emission intensity corresponding to ***CouC4A*** was regained with ATP suggesting that the sensor is completely reversible upon treatment with ATP ([Figure S08a,b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)).

![Red and blue lines and bars correspond to ***CouC4A*** and ***CouC4A\@SiO***~***2***~ respectively. (a) Bar diagram showing the fluorescence intensity in the presence of different anions: 3 to 19 are CH~3~COO^--^, Br^--^, Cl^--^, S~2~O~3~^2--^, HSO~3~^--^, ClO~4~^--^, I^--^, CN^--^, HCO~3~^--^, NO~3~^2--^, F^--^, N~3~^--^, H~2~PO~4~^--^, PP~i~, AMP, ADP, and ATP. 1 and 2 corresponds to the material and its iron complex, respectively. (b) Plot of emission intensity of *vs* ATP/\[***Fe***^***3+***^**--x**\] where **x** is ***CouC4A*** or ***CouC4A\@SiO***~***2***~. (c) Plots similar to that in (b) but for the absorbance of the bands at 410 and 455 nm. SEM micrograph for: (d) ***CouC4A***; (e) ***Fe***^***3+***^***\@CouC4A***; (f) {***Fe***^***3+***^***\@CouC4A***} + ***ATP***; (g) ***CouC4A\@SiO***~***2***~; (h) ***Fe***^***3+***^***\@CouC4A\@SiO***~***2***~; (i) {***Fe***^***3+***^***\@CouC4A\@SiO***~***2***~} + ***ATP***.](ao0c03373_0007){#fig6}

This results in the formation of the 1:1 complex between Fe^3+^ and ATP that is triggered by the release of the probe as understood based on the ESI-MS spectrum exhibiting a peak at *m*/*z* = 885.54 corresponding to {\[Fe^3+^--ATP\] + Na} (SI08, [Figure S08c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)). The reversible sensing of the probe is complete even in the presence of other triphosphates, such as, GTP, TTP, UTP, and CTP, and the corresponding data appears in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf) as Figure S08d. The spectra obtained when ***Fe***^***3+***^***\@CouC4A\@SiO***~***2***~ was treated with ATP were similar to those obtained in the case of ***CouC4A\@SiO***~**2**~, supporting the removal of Fe^3+^ by ATP and thereby imparting reversibility to the sensor ([Figure S08e,f](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)). Thus, ***Fe***^***3+***^***\@CouC4A\@SiO***~**2**~ is a sensor suitable for the detection of all the five triphosphates. The comparison of the fluorescence emission titration of ***Fe***^***3+***^***\@CouC4A*** and ***Fe***^***3+***^***\@CouC4A\@SiO***~**2**~ with ATP suggests that maximum reversal of the fluorescence intensity was observed at lower equivalents of ATP in case of ***Fe***^***3+***^***\@CouC4A*** as compared to that in case of ***Fe***^***3+***^***\@CouC4A\@SiO***~**2**~ as one would expect ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). Similarly, the changes occurred in the absorption bands can be noticed in a comparative manner from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c.

The SEM micrographs of ***CouC4A*** reveal the presence of spherical particles of 300--400 nm size ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d). Upon gradual addition of Fe^3+^ to ***CouC4A***, the spherical particles join together to form clusters, and at higher mole ratios of added Fe^3+^, these clusters further join together to form chains ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e). The microscopic features of ***Fe***^***3+***^***\@CouC4A*** were reversed with different phosphates to different extents, supporting that the aggregates were broken upon the addition of phosphates. In line with the fluorescence emission studies, by titrating ***Fe***^***3+***^***\@CouC4A*** with ATP, a complete reversal of the aggregates is observed by the breakage of these into smaller spherical particles, and the supramolecular features observed at this stage were similar to that exhibited by the simple probe (***CouC4A***) ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}f). Further, the studies carried out with the rest of the phosphates revealed that there is no complete reversal of the morphology of the features that occur in SEM. The size of the particles observed in the presence of other phosphates follows a trend, H~2~PO~4~^--^ \> AMP \> PP~i~ \> ADP. The SEM micrographs in the case of all the phosphate salts in comparison with the control are given in SI09, [Figure S09](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf). Titration of ***Fe***^***3+***^***\@CouC4A\@SiO***~***2***~ with ATP completely reverses the microscopic features as demonstrated by SEM ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}g--i). The SEM micrographs of ***CouC4A\@SiO***~***2***~ upon addition of Fe^3+^ supported the aggregation of the nanoparticles, as can be gauzed from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}h, and the presence of iron in the aggregated particles has been shown by the EDAX analysis, as given in [Figure S10a,b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf). Addition of ATP to the solution of ***Fe***^***3+***^***\@CouC4A\@SiO***~***2***~ resulted in the disaggregation of these nanoparticles, as can be noticed from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i. The aggregation observed in the presence of Fe^3+^ with ***CouC4A/CouC4A\@SiO***~***2***~ and the disaggregation of the same in the presence of ATP have been proven further by the dynamic light scattering (DLS) measurements (SI10, [Figure S10b--g](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf)).

The reversible sensing has been demonstrated by titrating ***CouC4A\@SiO***~***2***~ by iron(III) perchlorate followed by ATP, consecutively. With the increasing concentration of Fe^3+^, the fluorescence intensity is quenched, and the intensity is regained to the same level as its original value upon addition of ATP to the mixture. The reversibility studies were performed for five consecutive cycles, and similar results were observed even with silica-bound ***CouC4A***, as can be noticed from [Figure S11c,d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf). Thus, while demonstrating the reversal of the fluorescence intensity by ATP, its LOD has been identified as 14.5 ± 0.5 and 0.86 ± 0.1 nM, respectively, for the iron complexes of ***CouC4A*** and the hybrid material ***CouC4A\@SiO***~***2***~ toward ATP, as shown in SI11, [Figure S11a,b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf).

Challenges Overcome by ***CouC4A*** upon Anchoring on to SiO~2~ {#sec2.5}
---------------------------------------------------------------

Because ***CouC4A*** precipitates out in water, this probe faces challenge in order to work in the aqueous medium for sensing Fe^3+^. However, when the same is covalently anchored on to SiO~2~, the resultant inorganic--organic hybrid, such as, ***CouC4A\@SiO***~***2***~, is stable in water and hence acts as a smart material for the picomolar detection of Fe^3+^ and also to carry out cellular applications.

Fe^3+^ Sensing in BioRelevant Medium by ***CouC4A\@SiO***~***2***~ {#sec2.6}
------------------------------------------------------------------

Sensing of Fe^3+^ by ***CouC4A\@SiO***~***2***~ has also been carried out in water, HEPES buffer, and further in biorelevant medium, such as, fetal bovine serum (FBS) and human serum at pH = 7.4. The corresponding spectral titration data in all cases are given in SI12, [Figure S12a--d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf). [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a gives the data for the LOD and % quenching so that the comparison can be made across all the four cases. The LODs of Fe^3+^ in water, HEPES buffer, FBS, and in human serum are 11.2 ± 1.7, 18.4 ± 1.1, 24.1 ± 1.8, and 10.1 ± 1.5 nM, respectively ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a), supporting that the biological medium does not impede the sensitivity of ***CouC4A\@SiO***~***2***~, and hence, this hybrid material is an absolutely perfect one for sensing Fe^3+^ and also for its applicability in biological media.

![(a) Bar diagram showing the percentage of quenching (left, red) and LOD (on right, blue) of ***CouC4A\@SiO***~***2***~ in the given medium. (b,c) are the bar diagrams showing the percentage cell viability as a function of concentration of ***CouC4A\@SiO***~***2***~ for MDA-MB231 and 3T3 cell lines, respectively. The blue and pink bars corresponds to ***CouC4A\@SiO***~***2***~ and the control, Fe(III) perchlorate, respectively. (d) Shows the bar diagram of the average fluorescence intensity of ***CouC4A\@SiO***~***2***~ in MDA-MB231 cells with an increasing concentration of Fe^3+^ and (e) shows that the bar diagrams show the average fluorescence intensity of ***Fe***^***3+***^***\@CouC4A\@SiO***~***2***~ with an increasing concentration of ATP \[*n* = 100--110 cells (MDAMB-231) per conditions across three independent experiments\]. Statistical significance was determined by Student's *t*-test. (ns: not significant; triple asterisks indicate *p* \< 0.001). Error bar represents the standard deviation. (f) XPS spectra for Si 2P showing the internalization of the NPs.](ao0c03373_0008){#fig7}

Biocompatibility {#sec2.7}
----------------

To further explore the practical applicability of ***CouC4A\@SiO***~***2***~ in the biological samples, MTT assay was performed on two different cell lines, such as, MDA-MB231 (breast cancer cell line) and 3T3 (mouse embryonic fibroblast). The cells were treated with different concentrations of ***CouC4A\@SiO***~***2***~ in separate experiments and incubated for 24 h, and this led to the cell viability of 85--90% even at high concentrations, such as, 100 μg/mL, suggesting that the hybrid material is biocompatible ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b,c). The cytotoxicity of ***CouC4A*** has also been carried out, and the corresponding data are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf), SI12, Figure S12e. Even the control experiment carried out with Fe(ClO~4~)~3~ salt showed ∼95% cell viability in the case of MDA-MB231 and 3T3 cells. The internalization of ***CouC4A\@SiO***~***2***~ has been witnessed by the XPS measurements. The cells (MDA-MB231) were incubated with ***CouC4A\@SiO***~***2***~ (50 μg/mL) for 24 h and then washed three times with PBS buffer (1×). The resulting cells showed the presence of Si 2p in the XPS spectrum, supporting the internalization of the silica--calix hybrid inside the cells, and the corresponding spectra are given in the [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f.

Fluorescence Imaging of MDA-MB231 Cells {#sec2.8}
---------------------------------------

To explore the sensitive detection of Fe^3+^ by ***CouC4A\@SiO***~***2***~ in the biological cells, fluorescence imaging experiments were carried out. MDA-MB231 cells were incubated with ***CouC4A\@SiO***~***2***~ (50 μg/mL) for 3 h at 37 °C, and to this, different concentrations of Fe^3+^ salt (25, 50, 75, 100 μg/mL) were added and further incubated for another 1 h. The fluorescence images were acquired in each case, wherein ***CouC4A\@SiO***~***2***~ exhibited intense green fluorescence and is quenched with an increasing concentration of the added Fe^3+^ and almost completely quenched at 100 μg/mL ([SI13](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf), [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a,b), suggesting that the Fe^3+^ concentration could be quantitatively determined inside the cells also. The cells treated with ***Fe***^***3+***^***\@CouC4A\@SiO***~***2***~ (100 μg/mL Fe^3+^) were again incubated at different concentrations of ATP (50, 100, and 150 μg/mL) for 1 h, and this resulted in the regain of the fluorescence intensity to increasing levels on going from the lower to the higher concentration of ATP ([Figures S14](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf) and [8](#fig8){ref-type="fig"}c). Both the quenching and regaining of the fluorescence intensities in MDA-MB231 cells were quantitatively monitored as given in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d,e. All these suggest that ***CouC4A\@SiO***~***2***~ is a promising reversible sensor material for Fe^3+^ and ATP in the biological cells.

![Fluorescence microscopy images of MDA-MB231 cells treated with: (a) ***CouC4A\@SiO***~***2***~; (b) ***CouC4A\@SiO***~***2***~ followed by ***Fe***^***3+***^; (c) ***Fe***^***3+***^@***CouC4A\@SiO***~***2***~ followed by ATP; the blue emission represents nuclei stain with Hoechst, green emission from ***CouC4A\@SiO***~***2***~.](ao0c03373_0009){#fig8}

Conclusions and Comparisons {#sec3}
===========================

A multifunctional calixarene (***CouC4A***) has been synthesized having tetra allyl groups at the upper rim and coumarin moieties at the alternate positions on the lower rim by following eight synthetic steps and has been characterized by ^1^H and ^13^C NMR and ESI-MS analysis. ***CouC4A*** is a sensitive and selective sensor for Fe^3+^ with a LOD of 52.1 ± 1.4 nM in THF. The complex of ***Fe***^***3+***^**@*CouC4A*** has been demonstrated to be a reversible sensor when phosphates are used but not with the use of other anions, wherein the complete reversibility has been achieved with ATP. The reversible behavior has been further proven by the SEM studies, where the spherical particles of ***CouC4A*** are aggregated upon Fe^3+^ addition, while these are disaggregated upon addition of ATP. The DLS experiments further supported the SEM data.

To enhance the sensitivity and selectivity for Fe^3+^, ***CouC4A*** has been covalently attached to thiol-functionalized SiO~2~ nanoparticles, resulting in the inorganic--organic hybrid (***CouC4A\@SiO***~***2***~). The hybrid material, ***CouC4A\@SiO***~***2***~ is ultrasensitive for Fe^3+^ with a LOD of 1.75 ± 0.4 pM in THF and 11.2 ± 1.7 nM in water. The sensitivity for Fe^3+^ increases by \>30,000 fold on going from the simple receptor (***CouC4A***) to that bound to the SiO~2~ surface (***CouC4A\@SiO***~***2***~), and this is attributed to the high surface area and greater porosity of the corresponding NPs in the latter case. Thus, the anchoring of ***CouC4A*** on to SiO~2~ overcomes the challenges posed by water to naked ***CouC4A*** that causes precipitation. Thus, the inorganic--organic hybrid material turns out to be a robust one even in the aqueous medium and hence is suitable to study in biological cells. These details can be pictorially noticed from [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}.

![Schematic Representation of the Highlights of Fe^3+^ Sensing by ***CouC4A*** and ***CouC4A\@SiO***~***2***~ in Solution, on the Solid Surface in Biological Cells](ao0c03373_0012){#sch3}

In effect, ***CouC4A\@SiO***~***2***~ shows ultrahigh sensitivity for Fe^3+^ not only in water but also in the biological medium such as HEPES buffer, FBS, and in human serum. The LOD of ***CouC4A\@SiO***~***2***~ is 10--30 nM in the aqueous and biological medium. Both ***CouC4A*** and its inorganic organic hybrid have been demonstrated to reversibly sense Fe^3+^ upon using ATP with a LOD of 14.5 ± 0.5 and 0.86 ± 0.1 nM, respectively, and the same has been proven to be true by carrying out five consecutive cycles.

The 3T3 and MDA-MB231 cells were viable when treated with ***CouC4A\@SiO***~***2***~, and the cell viability has been in the range ∼85--90% even at higher concentrations of these materials. ***CouC4A\@SiO***~***2***~ has been demonstrated as the reversible sensor for Fe^3+^ inside MDA-MB231 cell lines, and the concentration of both Fe^3+^ and ATP could be quantitatively monitored inside the cells through imaging these using fluorescence microscopy. These are all present pictorially present in [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}.

Thus, ***CouC4A\@SiO***~***2***~ has been demonstrated as a versatile robust, reversible, smart material for Fe^3+^ sensing in organic solvents, in water, in biological fluids such as FBS and in human serum, and also in the biological cells. This smart material detects Fe^3+^ in the picomolar range and is one of the unique and the best material among the literature reports for Fe^3+^ sensing by calixarene derivatives.

Experimental Section {#sec4}
====================

The perchlorate salts of all the metal ions were procured from Sigma Aldrich. All the solvents used for the spectroscopy studies were of AR grade and were distilled before use. The ^1^H and ^13^C NMR (400 MHz Bruker NMR spectrometer), ESI-MS (in positive ion mode on MaXis Impact-Bruker), UV--vis absorption (Cary 100 Bio UV--vis spectrophotometer), and the fluorescence emission (Varian-Cary eclipse fluorescence spectrophotometer) spectra were measured. Stock solutions of all the metal salts and anions were prepared in THF at 6 × 10^--4^ M in case of ***CouC4A***. All the fluorescence and absorption titrations were carried out in a 1 cm quartz cell by using 100 μL of ***CouC4A*** (stock solution of 0.1 mg/mL) and ***CouC4A\@SiO***~***2***~ (stock solution 1.0 mg/mL). All the fluorescence titrations were carried out using λ~ex~=465 nm. Excitation and emission slit widths used were 2.5 nm, and a scan speed of 200 nm/min was used. The LOD has been calculated by the 3σ method.^[@ref54]^

Sampling for Microscopy Studies {#sec4.1}
-------------------------------

All the samples for TEM and SEM were prepared at 6 × 10^--4^ M in THF, and the solutions were sonicated for 15 min immediately before these were dropcasted and allowed to dry under an IR lamp. While the samples for the SEM were prepared on aluminum foil, those for TEM were prepared on a carbon-coated copper grid.

Cell Culture and Cytotoxicity Studies {#sec4.2}
-------------------------------------

MDA-MB231 and 3T3 cells were cultured in Dulbecco modified Eagle's media (DMEM from Gibco) supplemented with 10% FBS along with 1% antibiotics (Pen-Strep). These cultures were maintained at 37 °C, 5% CO~2~, humidified incubator. The media were changed every two days and were passaged when the cells become 80% confluent and further used for the cell culture experiments.

The MTT assay was performed using a 96-well plate by seeding 1.5 × 10^4^ cells in each well in order to evaluate the cytotoxicity of ***CouC4A*** and ***CouC4A\@SiO***~***2***~ and Fe^3+^ with both the cell lines. The cells were then treated with different concentrations of ***CouC4A, CouC4A\@SiO***~***2***~, and Fe^3+^ (10, 20, 30, 50, 80, and 100 μg/mL) and were incubated for 24 h at standard conditions. After the treatment, the medium was removed and 100 μL of MTT reagent (5 mg/mL) was added to each well and incubated for 4 h in the dark at 37 °C in the incubator. Further, the medium was removed, and 200 μL of DMSO was added into each well, and the absorbance was measured at 570 nm using a Thermo Fischer microplate reader.

Fluorescence Microscopy in Cells {#sec4.3}
--------------------------------

MDA-MB231 cells were cultured in a glass bottom Petri-dish (35 mm) and seeded with 0.5 × 10^6^ cells and kept for 24 h of incubation. For imaging, the cells were treated with 50 μg/mL ***CouC4A\@SiO***~***2***~ for 4 h in complete media (DMEM + 10% FBS). After incubation, the medium was removed and washed with PBS buffer for three times in order to remove excess (left over) ***CouC4A\@SiO***~***2***~. The ***CouC4A\@SiO***~***2***~-treated cells were again incubated with different concentrations of Fe^3+^, that is, 25, 50, 75, and 100 μg/mL for 60 min and removed the media and washed with PBS buffer for three times. Following this, the images were acquired using fluorescence microscopy (Olympus IX 71) at 10× magnification. The 100 μg/mL ***Fe***^***3+***^***@ CouC4A\@SiO***~***2***~-treated cells were further incubated for 60 min with different concentrations of ATP (25, 50, and 100 μg/mL) and were washed, and the images were acquired at 10× magnification using fluorescence microscopy.

### Synthesis and Characterization of **P**~**1**~ {#sec4.3.1}

Yield: (2.8 g, 86%). ^**1**^**H NMR**: (400 MHz, CDCl~3~): δ 10.19 (s, 4H, ArO**H**), 7.05 (d, *J* = 7.6 Hz, 8H, Ar--**H**), 6.72 (t, 4H, Ar--**H**), 4.25 (d, 4H, Ar--C**H**~2~--Ar), 3.54 (d, 4H, Ar--C**H**~2~--Ar). ^**13**^**C NMR** (100 MHz, CDCl~3~): δ 31.72, 122.27, 128.26, 129.00, 148.79 (Ar--C). ESI-MS: LRMS peak for (*m*/*z*) for C~28~H~24~O~4~, 463.13 \[M + K\]^+^ (observed) and 424.17 \[M\]^+^ (calculated).

### Synthesis and Characterization of **P**~**2**~ {#sec4.3.2}

The lower rim allyl calixarene conjugate **P**~**2**~ was synthesized by the reported method.^[@ref55]^ Yield: (0.95 g, 71%), ESI-MS *m*/*z*: 623.27 \[M + K\]^+^. ^**1**^**H NMR**: (400 MHz, CDCl~3~): δ 7.4--5.8 (Ar--H), 5.5--4.8 (allyl C**H**~2~=CH−), 4.5--2.9 (ArC**H**~2~Ar, −OC**H**~2~CH−). ^**13**^**C NMR** (100 MHz, CDCl~3~): δ 156.70, 156.03, 155.43, 137.50, 137.43, 135.76, 135.48, 134.98, 134.44, 134.15, 133.85, 133.47, 132.33, 131.15,131.07, 130.01, 129.04, 128.57, 128.28, 122.54, 122.47, 121.95, 121.93, 117.13, 116.40, 116.10, 115.47, 115.29, 77.44, 77.18, 76.93, 76.04, 75.04, 74.04, 72.72, 36.21, 31.51, 31.36, 29.87.

### Synthesis and Characterization of **P**~**3**~ {#sec4.3.3}

A solution of **P**~**2**~ (3.15 g, 5.4 mmol) in 25 mL of *N*,*N*-dimethylaniline was refluxed at 210 °C for 6 h under a N~2~ atmosphere. Upon acidification of the reaction mixture with concentrated HCl, a precipitate was obtained, and the filtered crude product **P**~**3**~ (allylCalix) was recrystallized from ethanol. Yield: (2.86 g, 91%), ^**1**^**H NMR**: (400 MHz, CDCl~3~): δ 10.15 (s, 4H), 6.84 (s, 8H), 5.89 (ddt, *J* = 17, 10.5, 6.8 Hz, 4H), 5.04 (br. d, *J* = 17.0 Hz, 4H), 5.03 (br. d, *J* = 17.0 Hz, 4H), 4.19 (br. d, *J* = 9.0 Hz, 4H), 3.45 (br. d, *J* = 9.0 Hz, 4H), 3.18 (d, *J* = 6.8 Hz, 8H). ^**13**^**C NMR** (100 MHz, CDCl~3~): δ 147.07, 137.61, 133.47, 128.98, 128.20, 115.59, 39.34, 31.81. ESI-MS: LRMS peak for (*m*/*z*) for C~40~H~4~O~4~, 623.27 \[M + K\]^+^ (observed) and 623.38 \[M + K\]^+^ (calculated).

### Synthesis and Characterization of **P**~**4**~ {#sec4.3.4}

The precursor **P**~**3**~ (0.82 g, 14.0 mmol) and K~2~CO~3~ (0.23 g, 16.7 mmol) were taken together in acetonitrile (60 mL) and refluxed for 1 h. To this, *N*-(3-bromopropyl) phthalimide (0.79 g, 29.46 mmol) was added, and the mixture was continued to heat at reflux for additional 48 h. The solvent was evaporated under vacuum, and the residue was dissolved in CHCl~3~. The organic layer was washed twice with water and brine and then dried. Evaporation of the organic layer followed by precipitation from chloroform/methanol gave **P**~**4**~ as a white solid. **Yield**: (1.02 g, 76%). ^**1**^**H NMR** (400 MHz, CDCl~3~): δ 7.77 (s, 2H, −ArOH), 7.76--7.74 (m, 4 H, Ph**H**), 7.63--7.61 (m, 4 H, Ph**H**), 6.83 (s, 4 H, Ar**H**), 6.70 (s, 4 H, Ar**H**), 5.92--5.74 (m, 4H, allyl C**H**=CH−), 5.02--4.81 (m, 8H, allyl CH=C**H**~**2**~--Ar) 4.28 (d, *J* = 13.0 Hz, 4 H, ArC**H**~2~Ar), 4.10 (m, 8 H, C**H**~2~N, OC**H**~2~), 3.31 (d, *J* = 13.0 Hz, 4 H, ArC**H**~2~Ar), 3.25 (d, 4H, Ar--C**H**~2~--CH), 3.06 (d, 4H, Ar--C**H**~2~--CH), 2.43 (m, 4 H, −C**H**~2~CH~2~N). ^**13**^**C NMR** (100 MHz, CDCl~3~): δ 168.24, 151.52, 150.44, 138.46, 137.47, 133.78, 133.30, 132.15, 130.08, 129.03, 128.59, 128.03, 23.14, 115.49, 114.99, 39.57, 39.38, 35.74, 31.66, 29.39. ESI-MS: LRMS peak for (*m*/*z*) for C~62~H~58~N~2~O~8~, 981.46 \[M + Na\]^+^ (observed) and 981.39 \[M + Na\]^+^ (calculated).

### Synthesis and Characterization of **P**~**5**~ {#sec4.3.5}

A solution of **P**~**4**~ (0.5 g, 0.43 mmol) in EtOH (50 mL) was heated at reflux in 5 mL of hydrazine. After 8 h of reflux, the solvent was removed under reduced pressure. The residue was dissolved in CHCl~3~ (50 mL) and stirred overnight to precipitate the byproduct, and the same was filtered off. The filtrate was washed with water (30 mL), dried using Na~2~SO~4~, and the solvent was evaporated to give **P**~**5**~. Yield (0.27 g, 75%). ^**1**^**H NMR** (400 MHz, CDCl~3~): δ 6.86 (s, 4 H, Ar**H**), 6.73 (s, 4 H, Ar**H**), 5.97--5.76 (m, 4H, allyl CH=CH−), 5.04--4.90 (m, 4H, allyl CH=C**H**−), 4.15 (d, *J* = 14.0 Hz, 4 H, ArC**H**~2~Ar), 4.02 (t, 4 H, OC**H**~2~), 3.33 (d, 4 H, *J* = 12.0 Hz, ArC**H**~2~Ar), 3.26 (m, 8H, −NC**H**~2~, Ar--C**H**~2~--CH, merged), 3.10 (d, 4H, Ar--C**H**~2~--CH), 2.17 (m, 4 H, OCH~2~C**H**~2~CH~2~N). ESI-MS: LRMS peak for (*m*/*z*) for C~46~H~54~N~2~O~4~, 699.42 \[M + H\]^+^ (observed) and 699.40 \[M + H\]^+^ (calculated).

### Synthesis and Characterization of **P**~**6**~ {#sec4.3.6}

4-Dimethylamino salicylaldehyde (3.86 g, 0.4 mmol), diethyl malonate (2.1 g, 0.5 mmol), and piperidine (2 mL) were taken in absolute ethanol (60 mL) and stirred for 6 h under reflux conditions. Then, 10% NaOH solution (5 mL) was added, and the mixture was heated at reflux for 15 min. The reaction mixture was cooled to room temperature and acidified until the pH = 2 using concentrated HCl. The solid obtained was filtered, washed with water, dried, and then recrystallized in absolute ethanol to give **P**~**6**~ as bright orange crystals. Yield: (3.91 g, 75%), ^**1**^**H NMR** (400 MHz, CDCl~3~): δ 12.35 (s, 1H, COO**H**), 8.65 (s, 1H, Ar--**H**), 7.45 (d, 1H, *J* = 7.2 Hz, Ar**H**), 6.69 (dd, *J* = 2.4 Hz, *J* = 11.2 Hz, 1H, Ar**H**), 6.52 (d, 1H, *J* = 2.4 Hz, Ar**H**), 3.49 (q, 4H, −NC**H**~2~CH~3~), 1.26 (t, 6H, −NCH~2~C**H**~3~). ^**13**^**C NMR** (100 MHz, CDCl~3~): δ 158.08, 150.33, 131.98, 110.91, 96.87, 45.36, 12.40. ESI-MS: LRMS peak for (*m*/*z*) for C~14~H~15~NO~4~, 284.10 \[M + Na\]^+^ (observed) and 284.09 \[M + Na\]^+^ (calculated).

### Synthesis and Characterization of **P**~**7**~ {#sec4.3.7}

The precursor **P**~**6**~ (257 mg, 0.98 mmol) was dissolved in dry dimethylformamide (DMF) (5 mL) and was added dropwise to a stirred solution mixture of 1-(3-dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride (278 mg, 1.5 mmol) and *N*-hydroxy succinamide (166 mg, 1.4 mmol) in anhydrous DMF (10 mL). The reaction mixture was stirred at room temperature for 48 h in the dark. The resulting yellow mixture was poured into 150 mL of ice water. The precipitate formed was filtered and washed with 200 mL of water and dried in air overnight to give the product **P**~**7**~ as yellow solid. Yield: (0.28 g, 80%), ^**1**^**H NMR** (400 MHz, CDCl~3~): δ 8.53 (s, 1H, Ar--**H**), 7.36 (d, 1H, *J* = 7.2 Hz, Ar**H**), 6.63 (dd, 1H, *J* = 1.6 Hz, *J* = 8.8 Hz, Ar**H**), 6.445 (s, 1H, Ar**H**), 3.47 (q, 4H, −NC**H**~2~CH~3~), 2.88 (s, 4H), 1.25 (t, 6H, −NCH~2~C**H**~3~). ^**13**^**C NMR** (100 MHz, CDCl~3~): δ 169.48, 159.21, 158.92, 157.10, 154.16, 151.15, 132.02, 110.20, 107.69, 96.76, 45.35, 25.68, 12.45.

### Synthesis and Characterization of ***CouC4A*** {#sec4.3.8}

The precursor **P**~**5**~ (560 mg, 0.1 mmol) was taken in 10 mL of DMF, and to this, di-isopropylethyl amine (DIPEA) (1.21 mL, 0.88 mmol) was added by keeping the reaction flask in an ice bath. After 15 min of stirring, **P**~**7**~ in DMF was added dropwise over a period of 15 min. The reaction mixture was stirred in the dark for 24 h. The completion of the reaction was monitored by thin-layer chromatography. After completion, the solvent was evaporated, and the residue was redissolved in CH~2~Cl~2~. The organic layer was washed with water followed by brine and dried over Na~2~SO~4~. The crude product obtained upon evaporation was washed with diethyl ether to obtain a yellow powder of ***CouC4A***. (Yield: 0.66 g, 70%), ^**1**^**H NMR** (400 MHz, CDCl~3~): δ 9.08 (s, 2H, −CON**H**), 8.65 (s, 2H, ArO**H**), 8.20 (s, 2H, Ar--**H**), 7.38 (s, 2H, *J* = 8 Hz, Ar--**H**), 6.82 (s, 4H, Ar--**H**), 6.74 (s, 4H, Ar--**H**), 6.60 (dd, 2H, *J* = 4 Hz, *J* = 12 Hz, Ar--**H**), 6.46 (s, 2H, Ar--**H**), 5.93--5.80 (m, 4H, allyl-C**H**CH~2~), 5.04--4.91 (m, 8H), 4.27 (d, 4H, *J* = 12 Hz, Ar--C**H**~2~--Ar), 4.09 (t, 4H, −OC**H**~2~), 3.94 (d, 4H, *J* = 4 Hz, CH~2~CH~2~C**H**~2~N), 3.43 (m, 8H, −NC**H**~2~CH~3~), 3.33 (d, 4H, *J* = 13.2 −ArC**H**~2~Ar), 3.23 (d, 4H, allyl-CHC**H**~2~), 3.10 (d, 4H, allyl-CHC**H**~2~), 2.41 (m, 4H, −C**H**~2~CH~2~N), 1.22 (m, 12H, −NC**H**~2~CH~3~). ^**13**^**C NMR** (100 MHz, CDCl~3~): δ 197.42, 162.85, 162.19, 157.55, 152.75, 151.32, 150.52, 147.80, 138.74, 137.69, 136.91, 134.02, 131.74, 129.11, 128.12, 116.42, 115.48, 110.39, 110.01, 108.08, 96.13, 74.13, 68.77, 44.69, 36.66, 31.22, 30.26, 27.79, 22.15, 12.79. ESI-MS: LRMS peak for (*m*/*z*) for C~74~H~80~N~4~O~10~, 1185.59 \[M + H\]^+^ (observed) and 1185.54 \[M + H\]^+^ (calculated).

### Synthesis of SiO~2~NP {#sec4.3.9}

Ethanol (50 mL) was mixed with 50 mL of Milli-Q water in a 250 mL round bottom flask. To this, 10 mL of concentrated ammonia was added and stirred at 6000 rpm for 20 min. Tetraethyl orthosilicate (5 mL) was added dropwise, and the resultant mixture was stirred overnight. The SiO~2~NPs were centrifuged and kept in ethanol as dispersion. The synthesized SiO~2~NPs were characterized by IR, ^13^C and ^29^Si MAS-NMR, SEM, and TEM.

### Synthesis of SiO~2~--SH {#sec4.3.10}

The SiO~2~NPs (500 mg) were taken in 30 mL of methanol and sonicated for 1 h. Then, 5 mL of (3-methoxypropyl)trimethoxysilane was added and refluxed overnight. The resultant solution was centrifuged, and the residue was washed with methanol. The modified silica nanoparticles were characterized by the TGA, IR, ^13^C, and ^29^Si MAS-NMR, SEM, and TEM.

### Synthesis of ***CouC4A\@SiO***~***2***~ {#sec4.3.11}

***CouC4A*** (45 mg) was taken in 30 mL of acetonitrile, and a pinch of azobisisobutyrlonitrile (AIBN) was added to it. The reaction mixture was heated for about half an hour, and then, 150 mg of SiO~2~--SH (thiol modified silica nanoparticles) was added to it. The reaction mixture was refluxed for 3 days. The solution was centrifuged at 6000 rpm and washed with THF and dichloromethane to remove the excess of unreacted ***CouC4A***. The resultant ***CouC4A\@SiO***~***2***~ NPs were characterized by the UV--vis, fluorescence, SEM--EDX, TGA, FT-IR, ^13^C and ^29^Si MAS-NMR, XPS, and contact angle measurements.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c03373](https://pubs.acs.org/doi/10.1021/acsomega.0c03373?goto=supporting-info).^1^H and ESI-MS spectra; ion recognition of ***CouC4A***; Job plot, ESI-MS, *KS*~v~, limit of detection, and competitive fluorescence metal ion titration of ***CouC4A*** and Fe^3+^; XPS spectra and competitive fluorescence; characterization data; ion-recognition studies; limit of detection; spectral titration; SEM micrograph; DLS data; ***CouC4A*** and ***CouC4A\@SiO***~***2***~ as reversible sensing material for Fe^3+^; emission titration; and microscopy images ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03373/suppl_file/ao0c03373_si_001.pdf))
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